Si/MoS2 heterojunction diodes under varying biases shows that the depletion region in the p-n heterojunction promotes exciton dissociation and carrier collection. We measure an instrument limited response time of 1 µs, which is 10 times faster than previously reported response times for planar Si 8 More recent studies have demonstrated that 2-D/3-D n-MoS2/psilicon type-II heterojunction diodes function as solar cells [9] [10] [11] and photodetectors. 1, 12, 13 The focus of this work is 1-D/2-D heterojunctions, where 1-D refers to the aspect ratio of the semiconductor nanowire, rather than the dimensionality of the band structure (i.e., 1-D sub-bands are not relevant to the work described here). Several 1-D/2-D heterojunctions have been studied recently, including a ZnO nanowire/black phosphorus type-I heterojunction, 14 a GaN nanowire/MoS2 field-effect transistor, 15 and a ZnO nanowire/WSe2 diode whose photoresponse was characterized at visible and near-infrared wavelengths. 16 However, the role of the depletion region in determining the magnitude and speed of the device response was not examined in detail. Free carrier generation and separation at a heterojunction are influenced by the band discontinuities, which promote exciton dissociation, and by the depletion region adjacent to the heterojunction, which varies with applied bias. Here we exploit type-II heterojunctions to promote the dissociation of excitons, which are relatively strongly bound in 2-D materials. 17, 18 Furthermore, we use the tunability of the depletion region to show that the space-charge region in the 2-D material of the p-n heterojunction is responsible for the fast photoresponse. Unlike a purely vertical p-n vdW heterojunction in which the depletion region extends perpendicular to the interface, the non-planar nanowire/vdW semiconductor heterojunction generates lateral (in-plane) depletion due to incomplete screening of electric fields in the vdW semiconductor 19 and the presence of unscreened (fringing) electric fields. Finite element device simulations and scanning photocurrent microscopy (SPCM) of nanowire/MoS2 p-n and n-n devices are used to isolate the roles of the heterojunction and depletion region in photocurrent generation. Figure 1a shows a typical device layout in which MoS2 was transferred onto Si nanowires that were deposited on substrates (300 nm SiO2 on Si) prior to electrical contact formation. The electrodes are defined by electron-beam lithography and subsequent metal evaporation (titanium/gold; 3 nm/50 nm). The MoS2 monolayer overlaps the Si nanowire, conforming to its sidewalls to form the heterostructure (Fig. 1b) . The height difference of 1 nm between the bare and MoS2 covered surface (Fig. 1c) was measured by atomic force microscopy (AFM) and is typical for monolayer MoS2 deposited on SiO2. Raman spectroscopy of the same area ( Fig. S1a) confirms coverage of an intact monolayer as detailed in section 1 of the supporting information. Next, we explore how the atomically thin and conformal MoS2/nanowire heterojunction promotes charge carrier separation. 
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A boron-doped Si nanowire and conformal MoS2 monolayer form a rectifying p-n heterojunction whose current-voltage (I-V) characteristics were compared with both nn heterojunction devices and finite element simulations to identify the key factors controlling interfacial charge transport (Fig. 2) . Figure 2c was determined using previously reported electron affinities (χSi= 4.07 eV and χMoS2 = 4.28 eV) 22 and dielectric adlayer, as well as surface adsorbates (e.g., H2O) that create interfacial dipoles. 29, 34 We also note that a thin native oxide may form between the nanowire and MoS2 in both devices. Considering these effects, the simulation is in reasonable agreement with the measurement. We conclude that the Si nanowire doping establishes the band alignment, which in turn determines the I-V characteristics, and one would expect depletion at the Si nanowire/MoS2 heterojunction to produce an internal electric field that promotes charge carrier separation, as described below.
The current was measured as a function of bias under global (full device) illumination and in the dark (Fig. 3a, inset) ; subtracting the I-V curves taken in the light and the dark gives the net photocurrent Iph (Fig. 3a) . Iph is larger under reverse (VD = -2 V) than under forward bias (VD = 2 V), which is characteristic of a p-n heterojunction. 35 In general, (Fig. 3b, left) , supporting the claim that charge carrier separation occurs due to internal fields at the p-n heterojunction. When the p-n heterojunction is forward-biased (Fig. 3b, right) , which reduces the band bending near the heterojunction (Fig. 3e) , the magnitude of local photocurrent is reduced and becomes comparable to that of the reverse-biased source contact (at VD=2 V). Figure   3c quantitatively compares photocurrents at the nanowire/MoS2 heterojunction and MoS2/metal interface for different biases. The positive photocurrent at the MoS2/metal interface ( Fig. 3b, right) of the grounded source contact is consistent with previous reports 29, 36, 37 of carrier separation by the built-in electric field (photovoltaic effect) at this interface. 29, 36, 38 For completeness, we note that photothermal effects may also contribute to a positive photocurrent at the contacts, 37 but our focus here is on the response of the vdW heterojunction.
Photoexcitation at λ = 500 nm generates excitons in both Si and MoS2. While thermal excitations at room temperature are sufficient to dissociate the weakly bound excitons in Si, the binding energy of neutral excitons in monolayer MoS2 is higher (≥ 0.2 eV 17, 24, 26, 27 ). In our devices, exciton dissociation is expected to occur at the potential discontinuity at the silicon/MoS2 heterojunction, as has been observed previously at vdW heterointerfaces. 39, 40 However, the lateral depletion region in MoS2 also promotes dissociation, which can be mediated by defects at the MoS2/SiO2 interface. [40] [41] [42] Indeed, electric fields of kV/cm facilitate exciton dissociation in vdW semiconductor devices, 43 and the dissociation rates at high electric fields >10 6 V/cm exceed those of competing mechanisms 44 such as defect-mediated Auger scattering. 41, 42, 45 Consistent with this picture, we will show that the space charge region in the MoS2 of the 1-D/2-D p-n heterojunction plays a dominant role in the magnitude and speed of the photoresponse.
The increase in photocurrent magnitude generated by the p-n heterojunction in reverse bias is attributed primarily to the evolution of the electric field (space charge region) in the MoS2 adjacent to the heterojunction (Figs. 3c-e) , which is influenced by unscreened fringing fields; the field in the heavily doped Si nanowire is less affected by the bias. Minority electrons generated in the Si nanowire may diffuse to the heterojunction and be collected in the MoS2. Some fraction of the excitons generated in the vicinity of the MoS2 depletion region are dissociated at the interface by defects and/or field-assisted processes to produce majority electrons and minority holes; minority holes in MoS2 created within the diffusion length (450 nm 46 ) of the depletion region contribute to the observed negative photocurrent at VD = 0 V as they are swept to the heterojunction, and majority electrons contribute through drift in the opposite direction. 13 The absolute photocurrent generated at the p-Si nanowire/MoS2 heterojunction at VD = -1 V is two orders of magnitude larger than the photocurrent at VD = 0 V (Fig. 3c) due to the extension of the depletion region in MoS2, which increases the collection area. Modeling shows that the reverse biasing generates fringing electric fields of the order of 10 5 V/cm that increase the depletion region of MoS2 regions via the field-effect (Fig. 3d) , also revealed by the increased spatial extent of the band bending (Fig. 3e, blue curve) . Accordingly, the FWHM of the photocurrent profile increases as VD is decreased from 0 V (Fig. 3c , blue curve) to -1 V (Fig. 3c, purple curve), and the absolute photocurrent generated at and near the p-n heterojunction increases by two orders of magnitude due to the extension of the depletion region in
MoS2. The photoresponse and bias dependence of n-Si nanowire/MoS2 heterojunctions are much weaker due to the absence of a p-n heterojunction (Fig. S3) . (Fig. 3a, inset) is less than the built-in potential of the p-n heterojunction due to minority carrier recombination. To estimate the built-in potential, Vbi, we note that the local photocurrent is zeroed out at VD = ~1 V (Fig. 3c, black Section). Generation, recombination, and transport processes on sub-nanosecond timescales, including carrier drift times, are beyond the resolution of the measurements described here. 48, 49 We first compare the p-n heterojunction monolayer device with an n-n heterojunction and MSM photoconductors to show that the electric field at the p-n heterojunction creates the fast photoresponse. We then compare with the p-n heterojunction multilayer device to identify factors limiting performance.
Of the monolayer-based devices with comparable channel lengths (LMos2 = 4 µm) and biasing conditions (VD = -8 V), the p-n heterojunction device has the fastest risetime (Fig. 4a) . The large electric field in the depletion region of the p-n heterojunction (> 3 (Fig. S4) . We note that a non-zero contact resistance would further decrease the electric field in the channel of the MSM device and reduce the photocurrent for the case of symmetric contacts. 36 The fastest response time reported for a MoS2-based MSM photodetector to date (trise = 2 µs and tfall = 115 µs)
was achieved with chemically bonded molybdenum contacts with small Schottky barrier height (ΦB = 0.07 eV). 50 The higher photocurrent in the p-n heterojunction device enables higher bandwidth amplification and the measurement of rise and fall times with higher temporal resolution (Fig. 4b) For all monolayer devices, a relatively small portion of the photoresponse evolves on timescales from hundreds of microseconds to seconds, (Figs. 4ab and S5 ) likely due to longer-lived interface and surface trap states 50, 53 influenced by the substrate oxide and alumina encapsulation layer. 54 We also note that defects and long-lived charge trapping processes in adsorbates may manifest in photogating, in which photoexcited carriers are trapped and de-trapped in localized states to alter the channel carrier density via field-effect. 53 The time scale of these processes depends on occupation of trap energy levels, which can be varied with the back gate voltage but are generally of the order of milliseconds to seconds. 54 Finally, photothermal contributions that may be present would reflect the timescales of heating and cooling. 55 A small portion of the measured photocurrent might be due to photothermoelectric-effect, 37, 56 previously observed on a millisecond to second time scale in MoS2 based photodetectors.
To analyze the factors influencing the performance of the p-n photodetector, we analyzed p-Si nanowire/multilayer MoS2 devices that produce a ~30 times larger photocurrent than monolayer devices, enabling higher bandwidth measurements with reduced influence from interfaces. The photocurrent is higher in the multilayer device (Fig. 4c ) at comparable bias (VD = -6 V) due to increased light absorption as well as reduced radiative recombination (due to the indirect band gap of multilayer MoS2) and smaller exciton binding energy 57 . The rise and fall times trise = tfall ≤ 1 µs (Figs. 4c and S4) are faster than those of the 1-L MoS2/nanowire device (Fig. 4b) , and the fast decay comprises a larger fraction of the photoresponse. We measured the same response time in an ultrafast GaAs p-i-n photodetector (Fig. 4c, black line) , indicating that the 500 kHz bandwidth of the preamplifier is determining the measured rise time. The inner layers in multilayer MoS2 have fewer structural defects (e.g., surface vacancies) compared with the exposed outer MoS2 layers and compared with monolayer MoS2 . 41 The inner layers are also protected from the surface and farther away from the SiO2/MoS2 interface, and thus less affected by interface and surface charges (and trap centers). Thus, it is likely that a reduction in trapping through both shallow and deeper levels improves the performance of the multilayer device beyond changes due to the differences in CVD and exfoliated materials. Interface and surface traps (adsorbates)
have been reported to limit the photoresponse time in lateral MoS2 phototransistors. Time-resolved photocurrent measurements. Time-resolved photocurrent measurements were conducted using the above described SPCM setup. However, custom-made dc battery voltage sources replaced the ac power supply to reduce noise.
The generated photocurrent was amplified using one of the following amplifiers: a low- ASSOCIATED CONTENT
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